We studied the mechanical properties of a suspended graphene layers which have ripples with stripe pattern, by using an atomic force spectroscopy. The local spring constant of the rippled graphene layer has larger value at concave region and smaller at convex region. The attractive force and pull-off force between a tip and the sample also have larger values at the concave region. A local spring constant mapping on the suspended graphene with ripple was obtained and nonlinear behavior of the force-distance curve was analyzed regarding local deformation of the sample.
I. INTRODUCTION
Since the graphene was fabricated by mechanical exfoliation method, it has drawn great attention due to its potential possibility for ultrafast, low-power consumption devices. 1 In the efforts to fabricate nanopatterned or suspended graphene device, 2 the ripple structure on the graphene layer was found and studied theoretically and experimentally. [3] [4] [5] [6] [7] The ripples on the graphene are considered to provide mechanical stability forming three dimensional corrugations, 8 and create a long-range scattering potential which affects the charge carrier mobility. 9 Fasolino et al. 8 studied the ripples theoretically, and found that ripples spontaneously appear owing to thermal fluctuations with a size distribution peaked around 8 nm and the ripples were attributed to the multiplicity of chemical bonding in carbon.
By using atomic force microscopy ͑AFM͒ technique, some groups studied mechanical properties of suspended graphene or graphite thin layer in nanometer scale. 10, 11 Frank et al. 10 measured the effective spring constants of stacks of graphene ͑2-8 nm thick͒ suspended on trenches in silicon dioxide. From the experimentally measured spring constant, the Young's modulus was estimated as 0.5 TPa by fitting to doubly clamped beam model. Lee et al. 11 measured the Young's modulus of a monolayer graphene sheet suspended on a trench, in a different analytic approach. The forcedisplacement behavior was interpreted within a framework of nonlinear elastic stress-strain response with second-and third-order elastic stiffnesses and the Young's modulus of 1.0 TPa was obtained. Also, the breaking strength 42 N/m was measured confirming that the graphene is the strongest material ever measured.
In Ref. 3 , the rippled structures in few-layer-graphene with 16 nm thickness were reported, but the local mechanical properties were not studied. In case of the Ref. 11, no rippled structures was observed in the single graphene layer. In this paper, we report on the mechanical properties of suspended graphene stacks with ripple texture. The local spring constants were measured at different locations of the ripple patterns, and attractive force and pull-off force were measured by using AFM.
II. EXPERIMENTAL
The suspended graphene sample was prepared by the mechanical exfoliation with a scotch tape on a trench ͑2 m wide and 5 m deep͒ patterned silicon dioxide coated Si wafer. With an optical microscope, location of graphene stacks suspended on the trench were sought.
A commercial AFM ͑XE-100, PSIA Co.͒ was used for imaging and force spectroscopy measurement in nanometer spatial resolution. To avoid the static charge effect, the sample was grounded. Two different types of cantilevers were used; silicon nitride cantilever ͑Bio-Lever, Olympus͒ and silicon cantilever ͑NSC36, Mikromasch͒. The silicon nitride cantilever has stiffness of k c = 0.03 N / m and the resonance frequency of 1 3 kHz. Its thickness, width, and length were 180 nm, 30 m, and 60 m, respectively. The tip with 7 m height formed at the end of the cantilever has a hollow pyramid shape. The silicon cantilever has stiffness in the range of 0.45- Figure 1 shows a representative topographic image and a line profile of suspended graphene stacks with ripples taken by contact mode AFM. As one can see, the trench is located in the middle of the image along the vertical direction, and the stripe pattern runs from left-top to right-bottom. The thickness of graphene multilayer was 7 nm corresponding to 20 layers, judging from AFM measurement. According to Lee, et al. paper, 11 their suspended graphene ͑single layer͒ membrane was located 2.5 nm lower than the substrate, and they claimed that graphene membranes were stretched tautly across the hole, and the graphene adheres to the wall of the hole due to van der Waals ͑vdW͒ attraction. In case of our sample, no indications in agreement with them was found, except that the average height of the membrane is slightly lower than the substrate, as shown in Fig. 1͑b͒ . It can be attributed to the elasticity difference between the single layer and multilayer.
III. RESULTS AND DISCUSSION
The force spectroscopy measurements were performed at four selected points ͑including substrate͒ indicated in Fig.  1͑a͒ , to measure the local spring constant k of the membrane. To extract the spring constant from the force-distance curve, the slope ⌬F / ⌬z was calculated by a linear regression from the raw data. Considering Hooke's law with two springs ͑k and k c ͒ connected in serial, the local spring constant k is given by
where k c is the cantilever spring constant ϳ0.1 N / m. The slope ⌬F / ⌬z was depicted in a graph as shown in Fig. 1͑c͒ . This graph shows the raw data of the slopes measured in approach scanning. To eliminate possible experimental error, the measurements were repeated four times and the averaged values were shown as one point in Fig. 1͑c͒ . With the same cantilever, four points were measured successively and depicted in the same color, and this measurement was repeated ten times as shown in different colors. For the comparison purpose, the points in the substrate ͑labeled as left and right͒ was included, and those slopes were close to k c , which mean large stiffness of the substrate compared with the membrane. Finally, the local spring constants were estimated as k = 1.44 N / m in convex region and k = 1.89 N / m in concave region. The interesting point is that concave region has higher spring constant than convex region. If the ripple texture is symmetric in up and down sides, then there is no reason to have different spring constants. The only difference between the convex and concave regions is the distance from the bottom of the trench. However, one can find the asymmetric line profile of the ripple structure, as shown in Fig. 1͑b͒ . Due to the vdW attraction from the bottom and side wall of the trench, peak of the ripple is located in the similar level of the substrate. The valley is 12.5 nm lower than the substrate. It seems that all parts of the membrane are influenced by the vdW force in downward direction. In this deformation, the convex part has smaller curvature with weak tension, and the concave part has larger curvature with stronger tension. The concave part was stretched by tensile stress and resultantly the local spring constant was larger than convex one.
According to the Ref. 11, a single layer graphene suspended on holes 1.5 m in diameter and 0.5 m in depth was suppressed with step height about 2.5 nm. A noticeable point is that the suppressed membrane showed not curved surface, but flat surface, which means the attractive force from the sidewall is dominant and makes the membrane tight-stretched. In our experimental observation, the attractive forces from sidewalls are considered to be dominant also. Because of that, the concave part was extended compared to the convex part. The height difference between convex and concave parts in the line profile was about 12 nm, and partial deformation of the line profile might be roughly 1/10 of its dimension, which number is less than the height step 2.5 nm in Ref. 11 . Even thought our sample was much thicker than the sample in Ref. 11, considering the loosely fixed geometry of our sample the partial deformation of the line profile can be considered as reasonable.
Bao, et al., 3 observed a similar ripple structures on a multilayered graphene with thickness of 16 nm. They insisted that the ripples can be made by either spontaneous or thermal stress. The classical elasticity theory was adapted to explain that the stress of membrane causes the ripples along the stress direction. We insist that the ripple of our sample was originated from the stress between both sides of the trench. Judging from the direction of ripples which is oblique from longitudinal direction, the stress might be generated during the mechanical exfoliation process, because the mechanical exfoliation was not a well-controlled process and possibly caused randomly oriented stress.
The slope ⌬F / ⌬z was measured as a function of distance along a direction parallel to ripple texture, as shown in Fig. 2 . Each point where the stiffness was measured is marked as cross in Fig. 2͑a͒ , and the results are shown as a graph in Fig. 2͑b͒ . Each point was measured four times and averaged. The stiffness have minimum values in the middle of the membrane and were increased near the edge of the trench, in both of convex and concave regions. The overall data points are tilted slightly in the graph, which is attributed to the experimental error such as thermal drift.
FIG. 1. ͑Color͒ ͑a͒
Representative topographic image ͑3.5ϫ 3.5 m 2 ͒ and ͑b͒ line profile of suspended graphene stack with ripples taken by a contact mode AFM. ͑c͒ To measure the local spring constant of the membrane, the force-distance curve measurements was performed, and the slopes ͉⌬F / ⌬z͉ at four selected points at left substrate, convex, concave, and right substrate are shown.
To find the interacting forces between the membrane and the tip at different points, approach curves were measured, and a representative data set is shown in Fig. 3͑a͒ . At the concave region ͑green line͒, long range attractive force was found as far as 100 nm away. This can be attributed to the shape of the local area. The Hamaker summation 12 of the vdW force may be increased due to parabolic geometry. Though the height difference between the convex and concave regions is as small as 10 nm scale, the width of the ripple is as wide as 1 m, and the geometric feature can modify the local force-distance behavior. Near the original point of x-axis, abrupt decrease in the force, jump-to-contact, are clearly shown. The jump-to-contact occurs, when the cantilever spring constant is lower than the slope of the force-distance curve of the tip-sample interaction, as the tip approaches the sample. 13 As the potential well depth is roughly proportional to the depth of jump-to-contact, the local attractive force F att was defined as force difference in the range of 100 nm in x-axis indicated as black arrow.
The attractive forces F att were estimated from the approach curves and depicted in a bar graph as shown in Fig.  3͑b͒ . To reduce the experimental error, the measurement was repeated in many times as indicated in inset of Fig. 3͑b͒ . In the inset, each point is averaged value of four repetitions, and four linked points mean one set of data measured successively. The measurements for one set were repeated ten times, and each set is shown in different colors. The attractive force at concave region was stronger than that at convex region. In the Hamaker summation, the distance is far ͑close͒ for convex ͑concave͒ region. As the vdW force between point particles is inversely proportional to the sixth power of the distance, it is suspected that the topographic difference can cause this observable difference of the attractive forces. The pull-off forces also show the similar behaviors as shown FIG. 2 . ͑Color͒ ͑a͒ In the topographic image ͑3.5ϫ 3.5 m 2 ͒, ten points were selected to measure the local stiffness. ͑b͒ The local stiffness was measured as a function of distance along a direction parallel to ripple texture in concave ͑red͒ and convex ͑black͒ regions. The lines are for eye guide.
FIG. 3. ͑Color͒ ͑a͒
Representative approach curves at different four points. ͑b͒ The attractive forces were estimated from the jump-to-contact height differences. ͑c͒ The pull-off forces were estimated from the retract curves.
in Fig. 3͑c͒ . The measured pull-off forces include the vdW force and the capillary force, as it was measured in ambient condition. Considering the small curvatures ͑height to width ratio=1:100͒ of convex and concave regions, however, the thickness of the water layer was presumably uniform and the relative difference of F att was not affected by the capillary force.
In order to measure the force-distance behavior near the equilibrium point in detail, the silicon cantilever with high stiffness was used. The topographic image of Fig. 4͑a͒ shows unrealistic features in the vicinity of the ripple patterns, which was taken with high normal force ͑1 nN͒ and 1 Hz scan rate. As one can see in Fig. 4 , the approach curves with different stiffness cantilevers show qualitatively different behaviors. For low stiffness cantilever ͑Si 3 N 4 ͒, there was clear jump-to-contact and linear increase, while for high stiffness one jump-to-contact is not noticeable and nonlinear dependency is found. This difference is a well-known general behavior for the static force spectroscopy. 13 When the potential well is deep and the slope of the cantilever spring constant is gentle, that is, ͉⌬F / ⌬z͉ Ͼ k c , the jump-to-contact occurs passing over the potential well region. Then only the steep repulsive force region will be measured. Therefore, the data measured by soft cantilever shows linear dependence. In case of stiff cantilever ͉͑⌬F / ⌬z͉ Ͻ k c ͒, the jump-to-contact can hardly be seen, and nonlinear dependency is shown, which can be interpreted as mixing with attractive forces. While the data for concave region ͑black͒ show a typical potential well shape, the convex region data ͑red͒ show a unrealistic behavior, which can be explained as a deformation of the membrane. As the membrane was pressed, the convex region was sunk. After the convex region was flipped, its mechanical property became similar to the concave region and the rising part ͑repulsive force region͒ of the convex data almost coincides with the concave one. The reason of the unrealistic image of Fig. 4͑a͒ also can be explained by the deformation of convex region.
Some samples having different thicknesses showed different shapes of ripple: different periods and directions. In Fig. 5 , a representative topographic image ͑a͒ of a sample which has two different thickness ͑5 nm and 10 nm͒ is shown with line profiles along the red ͑b͒ and green ͑b͒ lines. While the thin suspended area has ripples, the thick area does not. This result implies that the formation of ripples are dependent on the internal stiffness as well as the external stress.
IV. CONCLUSIONS
We found ripples with stripe pattern on a suspended graphene stacks and the local mechanical properties were measured by using a AFM spectroscopy. Due to the downward directional attractive forces exerted by the bottom and sidewalls of the trench, the local spring constant of the rippled graphene layer has larger value at concave region and smaller at convex region. The attractive force and pull-off force between a tip and the membrane also have larger values at the concave region, which was explained by the Hamaker summation of the vdW interaction. A nonlinear behavior of the force-distance curve with stiff cantilever was found and analyzed considering the local deformation of the membrane. 
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